SU-8, an epoxy based negative photoresist was electrospun with a fixed amount of multiwall carbon nanotubes (MWCNT) added into it to form the long, uniform, and bead-free fibers. These composite electrospun fibers were then subjected to pyrolysis in inert atmosphere at 1173 K to yield carbon nanofibers with enhanced crystallinity as revealed by structural characterization. Although the morphology of the nanofibers before and after pyrolysis was found to be largely unaffected however there was a shrinkage of nearly 32% in the average fiber diameter upon pyrolysis. Assynthesized electrospun composite carbon nanofibers were then tested directly without adding a binder for their electrochemical performance as anode for lithium ion battery. A significantly higher reversible capacity of 1320 mAh/g was observed at 0.1 Crate with excellent initial efficiency of 54%. Similarly at high Crates also, electrochemical performance was found to be excellent primarily due to enhanced crystallinity with the addition of MWCNT and entangled morphology of electrospun carbon nanofibers.
Introduction
Carbon nanofibers (CNF) have drawn great attention as anode materials for lithium ion battery due to short lithium ion transport distances, high resilience to volume expansion during cycling even at high current densities and enhanced electronic conductivity (1) . Vapor grown CNF and carbon nanotubes (CNT) are well studied for lithium ion battery anode and their intercalation capacity is reported to be in the range of 340 to750 mAh/g (1-4). However, these CVD grown CNF / CNT show poor cyclic stability due to their loose microscopic structure and low bulk density (4-6).
Electrospinning as a tool to fabricate nanofibers including CNF have also been explored in recent years. Some of these studies have also demonstrated the use of electrospun CNF as anode material for lithium ion battery application. Polymer precursors like polyacrylonitrile (PAN), polyvinyl alcohol (PVA) derived CNF and their composite nanofibers with different crystallinity and morphology have been extensively studied for lithium ion battery anode applications (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . It was observed that addition of CNT into fibers enhanced their electrochemical performance of anode material by improving the electronic conductivity (14) . Further PAN derived nanofibers embedded with CNT were found to be more crystalline with ordered crystalline regions than only PAN derived CNF. The enhanced crystallinity was attributed to the nucleation and crystal growth at the edges of CNT (21) .
Here in this work, we have used SU-8, an epoxy based negative photoresist which is a polymer precursor to carbon and widely used in carbon-based microelectromechanical systems (C-MEMS). The use of photoresist provides an extra motivation to work with, considering the possibility of patterning using photolithography to fabricate three dimensional array of electrodes (22, 23) . To enhance the crystallinity, we added multiwall CNT and electrospun the SU-8/CNT composite to deposit the nanofibers mat over stainless steel (SS) used as a current collector followed by pyrolysis. As-prepared composite CNF web was then tested for lithium ion intercalation capacity. Electrochemical performance of composite fibers was also compared with SU-8 derived carbon thin film (24) . 
Experimental Methods

Dispersion of MWCNT into SU-8 2015
In order to improve the conductivity and crystallinity of CNF we added MWCNT (0.5 wt. %) to SU-8 precursor without any further modification. The resulting solution was sonicated for 30 min using probe sonicator (Make: Sartorius) for uniform dispersion of MWCNT into SU-8 2015. This solution was then electrospun to obtain SU-8/MWCNT composite nanofibers.
Preparation of SU-8/MWCNT composite CNF mat over SS foil MWCNT dispersed SU-8 2015 was used as precursor material for electrospinning. 2.5 ml syringe with 20 gauge spinneret was used at a voltage of 2 kV/ cm and 3 µl/min flow rate of the solution. Electrospun nanofibers were deposited over SS foil current collector for 4 h to get sufficient deposition. Thus prepared fiber mat was cross-linked by exposing to UV light (365 nm) followed by post baking. Further cross-linked SU-8/MWCNT nanofibers were pyrolyzed using the two step pyrolysis process discussed in detail elsewhere (25) to yield composite CNF.
Characterization
As-prepared composite CNF were structurally characterized with RAMAN (Make: Brukar). Further, morphology of these fibers before and after pyrolysis was observed using field emission scanning electron microscopy (FESEM). Electrochemical performance of the as-prepared samples was tested using galvanostat-potentiostat (Make: Bio-Logic Science Instruments, Model VSP).
Results and discussion
Morphology of the electrospun composite nanofibers Figure 1a and 1b shows the FESEM images of SU-8/MWCNT composite as spun and pyrolyzed fibers respectively. FESEM images confirm that morphology of the fibers remained intact upon pyrolysis with considerable shrinkage of 32%. The average fiber diameter was observed to be 385.2 nm (Figure 1a ) which was reduced to 262.1 nm after pyrolysis (Figure 1b) . The entangled morphology of the CNFs observed in FESEM image enhances the electrolyte penetration and lithium ion diffusion. The Raman spectrum of composite CNF mat is shown in figure 2 . Unlike SU-8 photoresist derived from carbon thin film, graphitic G band is dominating D band that corresponds to disordered carbon with dangling bonds and carbon atoms with sp 3 hybridization (26) . The I D /I G ratio was calculated as 0.74 that also corresponds to inplanar crystallite width of 8.8 nm. These values confirm the enhanced crystalline nature of as-prepared composite CNFs as compared to SU-8 derived carbon thin films without MWCNT (25) . This enhancement in crystallinity can be attributed to nucleation and crystal growth due to the presence of MWCNT during pyrolysis (21) .
Electrochemical Performance
For electrochemical testing, as-prepared electrospun CNF mat over SS wafer was used as working electrode, and lithium (Li) foil was used as a counter electrode. Half-cell packing is discussed in detail in our recent work (25) . Charge-discharge experiments were carried out in galvanostatic mode (constant current) at different current densities in addition to measuring the cyclic performance at 0.1 C rate (37.2 mA/g) for 50 cycles. The charge and discharge current of a battery is measured in terms of C rate. A discharge of 1C draws a current equal to the rated capacity within 1 h. As per the standard nomenclature, 1C means a current density of 372 mA/g, considering the theoretical capacity of graphite of 372 mAh/g. Figure. 3 shows the cyclic performance of composite CNF mats at different C-rates (0.1, 0.2, 0.5 and 1.0 C-rate respectively) followed by cycling at 0.1 C rate. At 0.1 C rate these fibers shown significantly high initial insertion capacity (2444 mAh/g) with excellent coulombic efficiency of 54% (reversible capacity ~1320 mAh/g). An initial coulombic efficiency of 54% is significantly high for carbon materials in general where solid electrolyte interface form during lithium insertion on carbon electrode. More importantly at higher C-rates, composite CNF showed remarkable performance. Specific intercalation capacities at 0.2C, 0.5C and 1C was found to be 1000, 820 and 516 mAh/g respectively. This exceptional electrochemical performance of the composite CNF can be ascribed to tolerance of expansion and shrinkage during lithium insertion and de-insertion and enhanced electronic conductivity due to MWCNT presence during the pyrolysis. Although considerable capacity fade was observed over cycling at lower C-rates (0.1 C) as shown in figure 4 , specific intercalation values were stabilized at 468 mAh/g after 50 cycles. This value even then the capacity fade in initial cycles is higher as compared to SU-8 derived carbon thin films (400 mAh/g) pyrolyzed at 1173 K (25). 
Conclusions
We have successfully fabricated SU-8/MWCNT based composite electrospun CNF on SS wafer current collector by tuning the C-MEMS process parameters. As-prepared CNF mat was tested for its electrochemical performance without adding any binder. This binder-free CNF electrode showed exceptional rate performance at higher C-rates due to enhanced electronic conductivity, crystallinity and entangled morphology of composite CNF that allows easy penetration of electrolyte and lithium ions. Specific intercalation capacity values reported for the composite CNF as prepared in this work was found to be higher than any other polymer precursor derived CNF and also to SU-8 photoresist derived carbon thin films.
